We present an analysis of the vibrational dynamics of metal vicinal surfaces using the embedded atom method to describe the interaction potential and both a real space Green's function method and a slab method to calculate the phonons. We report two main general characteristics : a global shift of the surface vibrational density of states resulting from a softening of the force field. The latter is a direct result of the reduction of coordination for the different type of surface atoms; and an appearance of high frequency modes above the bulk band, resulting from a stiffening of the force field near the step atom. The latter is due to a rearrangement of the atomic positions during the relaxation of the surface atoms yielding a large shortening of the nearest neighbor distances near the step atoms.
Introduction
Steps at crystal surfaces have been known to play an important role in several phenomena including epitaxial growth and heterogeneous catalysis. The soaring of the technological advances occurring during the last few decades is due to a better understanding of the behavior of materials. The properties of certain materials become richer as their structures become more complex.
The simplest aspect of complexity in materials structure is the loss of neighbors resulting in a reduction of coordination. A simple picture would imply that the lower the coordination, the larger the rearrangement of electronic and ionic structures. In the case of stepped surfaces in particular, it was pointed out by Smoluchowsky [1] that an electronic relaxation at the step could lead to a de-population of surface states at that locality, a view supported later by several calculations [2] - [4] . The lower coordination and the reduced symmetry of atoms on vicinal surfaces, as compared to those in the bulk solid and on flat surfaces, lead to characteristic variations in the surface electronic charge densities which may in turn affect the reactivity and the propensity to harbor localized vibrational and electronic surface excitations. Early interest in vicinals was motivated by the need to comprehend in a rather controlled manner the sensitivity of catalytic reactions [5] to atoms in step and kink sites. Attention on vicinal surfaces has renewed in recent years, because of their technological importance as templates [6] for the growth of well ordered, laterally patterned nanostructures. For such technological purposes there is also the need to understand the stability of vicinal surfaces as a function of surface temperature. The presence of the surface, the step, and the kink can be thought of as perturbations of increasing complexity on an otherwise periodic system. On flat surfaces the reduction in translational symmetry in the direction perpendicular to the surface leads to localized surface vibrational modes whose frequencies, though distinct from the bulk modes, lie within the bulk phonon band. The frequencies of surface localized modes at Brillouin zone boundaries have been of particular interest as the extent to which they lie below the bulk band serves as a measure of the changes in surface force constants from values in the bulk [7] . Recent experiments using He atom-surface scattering technique have also unveiled such low frequency, step localized mode on vicinals of Cu [8] and Ni [9] . On the other hand, in early efforts to measure phonons at metal surfaces Ibach and Bruchmann [10] had found a mode on Pt(775), using electron energy loss spectroscopy (EELS), whose frequency was higher than bulk phonon band. It is the purpose of this paper to demonstrate that these two opposite behaviors (a shift towards low frequencies and a stretch beyond the top of the bulk band) of the vibrational dynamics are general characteristics of vicinal surfaces.
The paper is divided in three sections. In the next section, we present details about the geometry of vicinal surfaces and theoretical details. In section III, we present the vibrational dynamics of Ni(977) as an illustration of the softening of the force field near the step. Phonons of Cu vicinal surfaces will be used in section IV to illustrate the stiffening of the force field near the step and finally, in section V we present concluding remarks. For the interaction potential between atoms in the Ni and Cu vicinals, we use the many-body, embedded atom method (EAM) [11, 12] potential. This interatomic potential has proved to be quite successful in describing a variety of properties in the bulk and at the surfaces and interfaces for six fcc metals:
Cu, Ag, Ni, Pd, Pt and Au. We have also obtained reliable results for the dynamics of Cu, Ag and Ni surfaces [13] , and for the energetics of Cu vicinals [14] within the EAM potentials. For Ni(977), as in the case of Cu vicinals, after constructing the system in the bulk truncated positions, we apply standard conjugate gradient, as well as, annealing-quenching procedures to determine the minimum energy configuration. The two methods yield the same minimum energy configuration, which is found to display complex relaxation patterns.
To calculate the vibrational density of states we use two methods: a real space Green's function method (RSGF) and a slab method, in the harmonic approximation. The advantage of a RSGF method is that one calculates the total density of states with no a-priori choice of wave-vector, as would be the case in calculations based on 'k-space'. Also one can get the polarization of the vibrational modes from the imaginary part of the columns of the Green's functions associated with the system at hand. This method exploits the fact that for a system with a finite range of interatomic interactions, the force constant matrix can always be written in a block tridiagonal form [15] in which the sub-matrices along the diagonal represent interactions between atoms within a chosen local region and the sub-matrices along the 'off-diagonal' correspond to interactions between neighboring localities. Thus an infinite/semi-infinite system is converted quite naturally into an infinite/semi-infinite set of local regions. The real space Green's function method also has an advantage over the familiar 'continued fraction' method [16] as it does not involve truncation schemes to determine the recursion coefficients, rather a more general and simpler recursive scheme is applied [17] , which has been successfully used for the study of the phonons of Au vicinals [18] . The vibrational density of states N l (w) corresponding to locality "l" is related to the trace of the Green's function by the well known relation
with
, where G ll is the Green's function sub-matrix associated with locality "l" and n l is the number of atoms in this locality.
For the slab method [19] we proceed as follows. With the atoms in the equilibrium configuration, the force constant matrix needed to calculate the vibrational dynamics of the system is extracted from the partial second derivatives of the EAM potentials. The secular equation with the dynamical matrix is then diagonalized in a straight forward manner to obtain the phonon frequencies and displacement patterns from the eigenvalues and eigenvectors of the diagonalized matrix.
Vibrational Dynamics of Ni(977) : softening of the force field
The calculated local density of states (LDOS) for the step and the terrace atoms of Ni(977) are compared with those for the Ni(111) surface atoms in Fig. 2 . we note that the LDOS of the Ni(977) terrace atoms is almost identical to the one of Ni(111). This result is a good indicator that changes due to the creation of steps is highly localized in nature. The other interesting feature in Fig. 2 is a global shift of the step atom low frequency band to even lower frequencies, as compared to the modes associated with the terrace (and Ni (111) surface atoms). This is a direct signature of an extra softening of relevant force constants, due to a loss of five neighbors, in agreement with suggestions of Niu et al. [9] . To appreciate the implications of the loss of neighbors for the Ni(977) step atoms, we now turn to an examination of the force constant matrices associated with them. As seen from Table I, Brillouin zone) shown in Fig. 1 . This is a super localized mode since the motion is restricted to the step atoms and their immediate neighbors on the surface in good agreement with the experimental observation [9] .
We showed in the previous section that the step LDOS presents a global shift towards the low frequencies and the question is whether this global shift is also experienced by the high frequency band. About two decades ago, Ibach and Bruchmann [10] found a mode on Pt(775), using electron energy loss spectroscopy (EELS), whose frequency was higher than that of the Pt bulk phonon spectrum. The appearance of this mode was later shown to be due to a stiffening of the force field near the step [20] . Such mode was also found on Au(511) [18] and Ni(977) [21] . Our recent systematic study of the vibrational dynamics and thermodynamics of several vicinals of the (100) and (111) which are vicinals of Cu(111) with 3 atoms-wide terraces, and, respectively, a (100) and (111)-microfaceted step face [23] .
To illustrate the appearance of modes above the bulk phonon band and its correlation to the stiffness of specific force constants, we consider here the case of Cu(211). In Fig. 4 , we show the projected vibrational density of states, at the Γ, X and Y points for the step (SC), BNN (see figure 1) , and bulk atoms.
For clarity, we present here only the z (perpendicular to surface) component of the Local density of states. In Fig. 4a , at the Γ point, near the top of the bulk band, we note two modes involving both the SC and BNN atoms, one mode just below the top of the bulk band and another one above it. We note that for both modes, the amplitude is much larger for the BNN than for SC. In Fig. 4b , at the X, these high frequency modes present the lowest amplitude.
Instead, we find resonance modes inside the bulk band and localized surface modes beyond the bulk band and in the "stomach" gaps as discussed in detail previously [24] . The largest signature of the high frequency mode, relative to the bulk, occurs at the Y point (Fig. 4c) in the surface Brillouin zone.
Features similar to those in Fig. 4 have been found for all vicinals of the two sets considered here. The shifts of these high frequency modes above the bulk band for Cu(211), Cu(511) and Cu(17,1,1) are shown in Table II table II was the availability of experimental data [24] . As has been discussed in detail in Ref [24] , EELS data reveal a mode above the bulk band for Cu (211) but not on the other two surfaces. We await further studies to settle this issue.
To link this shift of the frequency above the top of the bulk band to the change of the force field near the step, we show in tables III and IV the force constants associated with the step atom, on the one hand, and the corner, the BNN and the terrace atom, on the other. The most important stiffening occurs for k zz of the force constant matrix between the step atom and the BNN. This is responsible for the large amplitude of the high frequency mode associated with the BNN [24] . The stiffening of k zz between the SC and BNN in the case of (17,1,1) is twice that of Cu(211) and Cu(511) [24] resulting in the larger shift mentioned above, further illustrating the correlation between the stiffening of this k zz to the appearance of high frequency modes. In Ref [24] , we also reported an even higher shift above the bulk band in the case of the kinked surface Cu(532) associated with an even larger stiffening of the appropriate
This large stiffening of the force field is actually due to a shortening of the nearest neighbor distance between the step atom and it's neighbors (except for the neighbor on the same step chain). As the step atoms loose 5 neighbors, the electronic charge density is strongly perturbed and a rearrangement of the electronic structure is accompanied by a strong rearrangement of the ionic positions hence lowering the total energy of the system. We find the shortening of the bond length near the step to be a general feature of the stepped surfaces and independent of the terrace width and the terrace geometry. As an example, we illustrate in Fig. 5 the change in the bond lengths of the step atom with its nearest neighbors for vicinals with 3-atom wide terraces with different geometries: Cu(511) a vicinal of (100) with a (111) step face, Cu(211) a vicinal of (111) with a (100) step face and Cu(331) a vicinal of (111) with a (111) step face. All 3 surfaces show the same general trend of a shortening of the bond length near the step [23] . In the case of Cu(211), there is a general and quantitative agreement between EELS data [25] , ab initio calculations [26] and EAM calculations [23] . In Fig. 6 we present the same effect for vicinals of (100) with different terrace widths. We note again that the bond length associated with the step atom is always shortened.
Conclusions
We have focussed in this paper on two characteristics of the vibrational modes of vicinal surfaces consisting of two distinct results: the softening and the stiffening of the force constants associated with the step atoms.
The vibrational local density of states (LDOS) of the step atoms shows a distinct global shift towards the low frequencies, as compared to that of terrace atoms, and is attributed to softening of some force constants associated with the step atoms. For the case of Ni(977), the result is in qualitative agreement with He scattering data of Niu et al [9] .
We have also presented here arguments about the existence and origin of modes above the bulk band on several vicinals of Cu. Our lattice dynamical calculations show that the high frequency modes (above the bulk phonon band) are a natural feature of metal vicinal surfaces and should be present at least on those surfaces whose dynamics could be described adequately by potentials like the EAM which assume that the electronic charge distributions to be spherically symmetric and follow bond-length bond-order correlation.
The high frequency modes are due to a stiffening of the force field near the step resulting from a global shortening of the nearest-neighbor distances associated with the step atom. Since the BNN atom has already a perfect coordination of 12, a further shortening of the distance between the BNN and the step atom causes the former to present a high frequency mode with the highest amplitude. As mentioned, these conclusions about the high frequency modes have been verified experimentally in the case of Cu(211) [24] . While we are now engaged in performing ab initio calculations to further best the reliability of our results, we also await other experimental data to shed more light on the matter.
In summary, a large reduction in the coordination of the step atoms yields a substantial softening of the force constants between step atoms along the same chain which causes a very strong and complex rearrangements of the atomic positions resulting in a shortening of the bond and hence also a stiffening of the force field near the step. These structural and dynamical changes localized in the vicinity of the step has important consequences for the thermodynamic properties of vicinal surfaces [23] . Because of the localized nature of the char-acteristics presented here, we are now in a position to extend these conclusions to metallic nanoclusters [27] . (Cu(17,1,1)) atoms wide. Table 1 Illustration of the softening of the force field, the force constants are in (eV/Å/unit mass): Ni(977). Table 2 Calculated percentage changes (∆r) in bond length, its vertical component (∆z), between the step atom and its bulk nearest neighbor (BNN), for three Cu vicinal surfaces. Here (∆ν) is the shift in the frequency of the step localized mode above the maximum bulk mode. Table 3 Illustration of the stiffening of the force field, the force constants are in (eV/Å/unit mass): Cu(511).
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